The first committed and highly regulated step of chlorophyll biosynthesis is the insertion of Mg 2þ into protoporphyrin IX, which is catalyzed by Mg chelatase that consists of CHLH, CHLD and CHLI subunits. In this study, CHLI and CHLD genes were suppressed by virus-induced gene silencing (VIGS-CHLI and VIGS-CHLD) in pea (Pisum sativum), respectively. VIGS-CHLI and VIGS-CHLD plants both showed yellow leaf phenotypes with the reduced Mg chelatase activity and the inactivated synthesis of 5-aminolevulinic acid. The lower chlorophyll accumulation correlated with undeveloped thylakoid membranes, altered chloroplast nucleoid structure, malformed antenna complexes and compromised photosynthesis capacity in the yellow leaf tissues of the VIGS-CHLI and VIGS-CHLD plants. Non-enzymatic antioxidant contents and the activities of antioxidant enzymes were altered in response to enhanced accumulation of reactive oxygen species (ROS) in the chlorophyll deficient leaves of VIGS-CHLI and VIGS-CHLD plants. Furthermore, the results of metabolite profiling indicate a tight correlation between primary metabolic pathways and Mg chelatase activity. We also found that CHLD induces a feedback-regulated change of the transcription of photosynthesis-associated nuclear genes. CHLD and CHLI silencing resulted in a rapid reduction of photosynthetic proteins. Taken together, Mg chelatase is not only a key regulator of tetrapyrrole biosynthesis but its activity also correlates with ROS homeostasis, primary interorganellar metabolism and retrograde signaling in plant cells.
Introduction
The chlorophyll-synthesizing branch (Mg branch) of the tetrapyrrole pathway is initiated by the ATP-dependent insertion of Mg 2þ into protoporphyrin IX, which is catalyzed by Mg chelatase.
This first committed step in chlorophyll biosynthesis is highly regulated at the transcriptional and post-translational levels [1] .
In vitro reconstitution studies of Mg chelatase complex using the subunits of Rhodobacter sphaeroides [2, 3] and cyanobacterium Synechocystis PCC6803 [4] as well as the analyses of yellow and pale green mutants of higher plants and green algae [5, 6] have demonstrated that Mg chelatase is composed of three subunits (bacteria/ eukaryotic subunit): BchH/CHLH, BchD/CHLD and BchI/CHLI. The catalytic mechanism of Mg chelatase includes at least two steps: an enzyme-activation step followed by a Mg 2þ insertion step [7] . The activation step requires ATP, Mg 2þ and the two subunits CHLI and CHLD to form the ring structure of the CHLIeCHLDeMgeATP complex [8] . These quaternary complex forms a platform for the protoporphyrin IX-binding CHLH subunit to insert Mg 2þ into protoporphyrin IX under consumption of ATP in the insertion step [8, 9] . Recently, GENOMES UNCOUPLED 4 (GUN4) has been identified as a CHLH-interacting and a protoporphyrin IX and Mg protoporphyrin IX-binding protein. It acts as a positive regulator that controls the flow of substrate into the chlorophyll branch [10] . Moreover, our recent studies have revealed that the C-terminal residues of GUN4 are required for activation of the CHLH subunit [11] . Alignment of the BchD/CHLD and BchI/CHLI amino acid sequences revealed a high degree of similarity between BchI/CHLI and the N-terminus of BchD/CHLD. Both subunits are classified as members of the AAA þ protein family, an extended class of the AAA family (ATPase associated with various cellular activities) [9] . CHLI functions as an ATPase, but CHLD fails to hydrolyze ATP [12] . The ATPase activity of CHLI is essential for Mg chelatase activity and is redox-regulated through the activity of thioredoxins [13, 14] . Moreover, the ATPase activity of the CHLI subunit contributes to the stability of the CHLI/CHLD oligomer in vivo [15] . It stands to reason that the structural and functional link between CHLI and CHLD implies a vital regulatory role in the modulation of Mg chelatase activity in vivo.
In plants, the coordination of gene expression between nuclear and organellar genomes is essential for plant survival and adaption to environmental variations [16] . Thereby, through anterograde signaling, the nucleus-encoded protein factors control the expression of plastid-encoded genes and plastid-located proteins, while retrograde signaling integrate various forms of information from chloroplasts to the nucleus [16] . Arabidopsis gun (genomes uncoupled) mutants have been characterized to show modified retrograde signaling [17] . Among the five gun mutants reported (gun1e5), gun1 encodes a chloroplast-localized pentatricopeptide-repeat protein, which serves as an integrated upstream factor for retrograde signaling [18] . The other four mutants (gun2e5) have mutations in genes encoding enzymes of the tetrapyrrole biosynthesis pathway [6, 19] . Subsequently, as result of analysis of chlorophyll intermediates of Chlamydomonas reinhardtii and Arabidopsis, it was suggested that Mg protoporphyrin IX acts as a potential plastidderived retrograde signal [20] . However, in more recent reports, a direct correlation between Mg protoporphyrin IX accumulation and retrograde signaling has been doubted [21] . Thus, although the detailed mechanism of retrograde signaling is currently being elucidated, there are still many details that require further investigation.
In this study, we silenced the CHLI gene and the previously identified CHLD gene [22] in pea plants using virus-induced gene silencing (VIGS). Comprehensive analyses were conducted in these VIGS plants with lower Mg chelatase activity to determine the pigment contents, 5-aminolevulinic acid (ALA) synthesizing capacity, photosynthetic capacity, reactive oxygen species (ROS) metabolism and PhANGs expression as well as the changes in the content of metabolites of primary metabolic pathways. This report includes a first evaluation of primary metabolites in Mg chelatase-inactivated plants and indicates the tight link of metabolic activities in different cellular compartments with changes in chlorophyll biosynthesis. Based on our results we suggest a mechanism of metabolite-mediated interorganellar signaling.
Results

A characteristic yellowish phenotype of the pea VIGS-CHLI and VIGS-CHLD plants
The Pea-Early-Browning-Virus (PEBV)-based VIGS vectors [23] were used for sequence-specific silencing of the pea CHLI and CHLD genes ( Figure S1 ). Nine to ten days after infiltration (dpi), the upper, non-inoculated leaves from both VIGS-CHLI and VIGS-CHLD plants altered from green to yellow pigmentation, which is characteristic for reduced chlorophyll content ( Figure S2A ). The VIGS-induced-yellow-leaf phenotype remained during plant development in the leaves above the infected leaf ( Figure S2A ). The appearance of the yellow phenotype increased with time and spread from the veins over the entire leaf ( Figure S2B ). The three types of leaves shown in Fig. 1 represent different stages of virus infection: fully yellow leaves (fy), yellow sectors from mosaic leaves (y/m), green sectors from mosaic leaves (g/m) and fully expanded green leaves (fg). Successful VIGS infection was always associated with the yellow pigmentation of stems ( Figure S2A ), sepals ( Figure S2C ), ovaries ( Figure S2C ) and seed capsula ( Figure S2C ). Quantitative real-time PCR of the CHLI and CHLD expression in the yellow leaf tissues (fy and y/m) of VIGS-CHLI plants and VIGS-CHLD plants revealed reduced CHLI and CHLD mRNA levels of approximately 90% in comparison to mRNA content in green leaves of similar age of VIGS-GFP control plants (Fig. 5A) , respectively. Using anti-CHLI and anti-CHLD antibodies, western-blot analysis of the VIGS plants indicates that the CHLI and CHLD contents are below the detection level in the yellow leaf tissues of corresponding VIGS plants (Fig. 5B ). Figure S3D ) decreased, while in parallel, the chlorophyll a/b ratios drastically increased ( Figure S3B ). Even the green tissues (g/m and fg) showed significant changes in the pigment contents in both the CHLI-and CHLD-silenced plants ( Figure S3A , C and D) in comparison to control plants.
Given that we observed strongly decreased chlorophyll contents and highly suppressed CHLI and CHLD expression in the yellow leaf tissues, we next assayed for Mg chelatase activity and determined significantly decreased enzyme activity in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants. In Using electron microscopy, we observed in yellow leaf tissues (fy and y/m) of the VIGS-CHLI and VIGS-CHLD plants abnormal chloroplasts that lack the complete formation of stroma thylakoid membranes and grana stacks as well as the accumulation of starch ( Figure S4A ). However, in the green tissues (fg and g/m) of these VIGS plants, the chloroplasts are well developed ( Figure S4A ). The nucleoids of the chloroplasts were visualized using DAPI staining. In the yellow tissues of expanded leaves of the CHLI-and CHLD-silenced plants the chloroplast nucleoids showed reduced DNA compaction and aggregation in the chloroplasts (cpN in VIGS-CHLI/DAPI and VIGS-CHLD/DAPI, Fig. 2 ), while normal nucleoids with highly compacted DNA were detected in the chloroplasts of VIGS-GFP control plants (cpN in VIGS-GFP/DAPI, Fig. 2 ).
The chlorophyll fluorescence in the leaves of VIGS plants growing under different light intensities (40 mE, 250 mE and 700 mE)
was analyzed in order to determine their photosynthesis capacity.
In the yellow tissues, the Fv/Fm ratio decreased with increasing light-intensities ( Figure S4B ), while in the green tissues, the Fv/Fm ratio did not significantly vary among the VIGS plants ( Figure S4B ). These results indicate a light-dependent reduction of the maximum quantum efficiency of photosystem II (PSII) in the VIGS-CHLI and VIGS-CHLD plants as result of reduced Mg chelatase and chlorophyll content.
ROS accumulation in response to reduced Mg chelatase activity in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants
Because suppressed CHLI and CHLD expression in the yellow leaf tissues (fy and y/m) of VIGS plants correlates with deformed chloroplasts that contain only an insufficient and disabled thylakoid membrane system ( Figure S4A ) and low photosynthesis activity ( Figure S4C Table S1 ) and proline (Supplementary Table S1 ) as well as superoxide dismutase (SOD) activity ( Fig. 3B ) was up-regulated, while reduced carotenoid ( Figure S3D ) and anthocyanin ( Figure S3C ) contents as well as catalase (CAT) and glutathione reductase (GR) activities ( Fig. 3B) were determined in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants compared with the green leaves of VIGS-GFP plants. These results suggest that reduced Mg chelatase activity disturbs the balance between ROS production and concurrent ROS detoxification in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants.
Modification of metabolites in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants
The ultrastructure of chloroplasts is impaired as a consequence of chlorophyll deficiency in the yellow leaf tissues of CHLI-and CHLD-silenced plants, which most likely ultimately also affects other pathways of primary metabolism. We next examined the levels of metabolites of major primary pathways expressed in these plants using an established gas-chromatography mass-spectrometry (GCeMS) protocol for metabolic profiling [24] . These studies revealed considerable changes in the levels of a wide range of organic acids, amino acids and sugars (Fig. 4 and Supplementary  Table S1 ). Interestingly, the levels of tricarboxylic acid (TCA) cyclerelated metabolites, for example, pyruvate, isocitrate, malate and fumarate, were significantly reduced, while increased levels of 2-oxoglutarate, succinate and g-amino butyrate (GABA) in the yellow leaf tissues of both the VIGS-CHLI and VIGS-CHLD plants were observed (Fig. 4) . Surprisingly, the levels of the vast majority of amino acids were increased in the yellow leaf tissues of both the VIGS-CHLI and VIGS-CHLD plants (Fig. 4) . Briefly, significant in- One unexpected feature of our data set was that the levels of aspartate, glycine and phenylalanine were increased in the yellow leaf tissues of VIGS-CHLI plants and reduced in the yellow leaf tissues of VIGS-CHLD plants. This result implies a diverse impact of CHLI-or CHLD-expression on the accumulation of certain metabolites. In addition, the levels of fructose and sucrose were reduced to 25% in both plant lines indicating a decreased photosynthesis capacity. The contents of nitrogen compounds were also changed. Putrescine, one of the polyamines, accumulated to high levels in response to silenced CHLI and CHLD expression (Fig. 4) ; a similar response was observed for urea, whereas a significantly reduced spermidine content was demonstrated only in the yellow leaf tissues of VIGS-CHLD plants (Fig. 4) . Moreover, the level of glycerate, which is a product of photorespiration and the CalvineBenson cycle, was decreased in the yellow leaf tissues of both the VIGS-CHLI and VIGS-CHLD plants (Fig. 4) . The level of glycerol, which is an intermediate of many metabolic pathways, such as triglyceride biosynthesis and gluconeogenesis, was also decreased in the yellow leaf tissues of VIGS-CHLD plants but not in the VIGS-CHLI plants (Fig. 4) .
Expression of PhANGs in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants
To further explore the role of Mg chelatase in retrograde signaling, we analyzed the expression of PhANGs in the yellow leaf tissues (fy and y/m) of VIGS plants. The expression of genes involved in photosynthesis (ribulose-1,5-bisphosphate carboxylase oxygenase small subunit, RBCS and light-harvesting chlorophyllbinding proteins 3 of photosystem II, LHCB3) and the tetrapyrrole biosynthesis pathway (glutamyl-tRNA reductase, HEMA1; CHLH; Mg-protoporphyrin IX methyltransferase, CHLM and ferrochelatase I, FECH I) were down-regulated as a consequence of CHLD silencing, but, interestingly, not of CHLI silencing (Fig. 5A) . The in vivo contents of light-harvesting chlorophyll-binding proteins (LHCA1, LHCB1, LHCB5 and LHCB6) were significantly reduced, and CHLH accumulated in the yellow leaf tissues of both the VIGS-CHLD and VIGS-CHLI plants in comparison to the control samples (Fig. 5B) . Non-detectable levels of CHLD and CHLI proteins, reduced GUN4, CHLM, Mg-protoporphyrin IX monomethylester (oxidative) cyclase (CHL27), NADPH-protochlorophyllide oxidoreductase (POR), geranylgeranyl reductase (CHLP) and ribulose-1,5-bisphosphate carboxylase oxygenase small subunit (SSU) contents and increased levels of protoporphyrinogen IX oxidase (PPO), Chlorophyll a oxygenase (CAO) and phytochromobilin synthase (HY2) were observed upon CHLI gene silencing, while glutamate 1-semialdehyde aminotransferase (GSAAT), PPO, POR and CAO accumulated and SSU was reduced in response to suppressed CHLD expression (Fig. 5B) .
Discussion
3.1. A deficient chlorophyll content inhibits chloroplast development, resulting in modified chloroplast nucleoids and photosynthesis capacity in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants
As result of VIGS-induced reduction of CHLI and CHLD expression, the low Mg chelatase activity causes reduced chlorophyll content ( Figure S3A ), resulting in an undeveloped thylakoid membrane structure during chloroplast biogenesis ( Figure S4A ). These changes in chlorophyll biosynthesis strongly correlate with reduced contents of light-harvesting chlorophyll-binding proteins (Fig. 5B ) that do not sufficiently assemble into photosynthesis antenna complexes in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants in comparison to VIGS-GFP control plants. The less developed chloroplasts are characterized by reduced photosynthesis capacity (F v /F m , Figure S4B) , and, ultimately, reduced and modified metabolic activities (Supplementary Table S1 ). These studies indicate that Mg Fig. 4 . Metabolite profiling for VIGS-CHLI and VIGS-CHLD plants. The metabolites in the yellow leaf tissues (fy and y/m) of VIGS-CHLD and VIGS-CHLI plants were all normalized to the average amount of the green leaves of VIGS-GFP plants. The metabolic pathway was described in Ref. [39] . Values presented are means AE SD of 10e12 independent measurements. ***P < 0.0001, 0.0001 < **P < 0.005, 0.005 < *P < 0.05 by the Student's t test.
chelatase has a key regulatory role in chlorophyll synthesis, but ultimately for chloroplast development and photosynthesis.
In higher plants, chloroplasts represent an increased polyploid genetic system with dozens or even hundreds of genome copies that are organized into nucleoids by a set of proteins [25] . In chloroplasts of mature leaves, nucleoids with highly compacted DNA found in subcompartments of plastids are detectable as small blue areas in chloroplasts upon DAPI staining (cpN in VIGS-GFP/DAPI, Fig. 2 ). In the yellow leaf tissues of VIGS-CHLD and VIGS-CHLI, chloroplasts are characterized by the presence of undeveloped thylakoid membranes and a lack of grana stacks. As result the nucleoids do not show the same organization resulting in chloroplast alteration with reduced DNA compaction and aggregation (cpN in VIGS-CHLI/DAPI and VIGS-CHLD/DAPI, Fig. 2 ). To our knowledge, these results are the first experimental data demonstrating a correlation between chlorophyll synthesis and the topology of chloroplast nucleoids, suggesting a regulatory impact of Mg chelatase activity and chlorophyll biosynthesis on chloroplast nucleoids and plastid gene expression.
Mg chelatase activity influences interorganellar metabolism in plant cells
The metabolite profile of these VIGS plants also reflects modified photosynthesis metabolism, including the reduced of three independent infiltrations. ***P < 0.0001, 0.0001 < **P < 0.005 and 0.005 < *P < 0.05 by Student's t test. For western blot each lane was loaded with 25 mg of total proteins. LHCA1, light harvesting chlorophyll binding protein 1 of photosystem I; LHCB1, LHCB3, LHCB5, and LHCB6, light harvesting chlorophyll binding protein 1, 3, 5, and 6 of photosystem II, respectively. CHLP, geranylgeranyl reductase; RBCS and SSU, Rubisco small subunit; CHLI, CHLD, and CHLH, the three subunits of Mg chelatase; CHLM, Mg-protoporphyrin IX methyltransferase; CHL27, subunit of Mg-protoporphyrin IX monomethylester (oxidative) cyclase; POR, NADPH-protochlorophyllide oxidoreductase; CAO, chlorophyll a oxygenase; HEMA1 and GLUTR, glutamyl-tRNA reductase; GSAAT, glutamate 1-semialdehyde aminotransferase; PPO, protoporphyrinogen IX oxidase; HO1, heme oxygenase; HY2, phytochromobilin synthase; LSU, Rubisco large subunit.
CalvineBenson cycle activities and decreased starch, sucrose, fructose and pyruvate contents in the yellow leaf tissues of both VIGS-CHLD and VIGS-CHLI plants compared with the green leaves of VIGS-GFP control plants (Fig. 4) . These alterations also led to changes in secondary metabolites, such as anthocyanins ( Figure S3C ), ascorbic acid, putrescine, spermidine and urea (Supplementary Table S1 ). Most of the free amino acids were significantly increased in the yellow leaf tissues of both the VIGS-CHLI and VIGS-CHLD plants (Fig. 4) , which suggests that protein degradation was elevated in these plants. The levels of the branched chain amino acids isoleucine and valine were increased in these VIGS plants. Recent evidence has demonstrated that branched chain amino acids feed electrons into the mitochondrial electron transport chain, particularly under carbohydrate-scarce conditions [26] , as observed here. In the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants, the reduced photosynthesis activity correlates with compromised accumulation of sucrose (Fig. 4) . Sucrose starvation activates protein degradation and results in the accumulation of free amino acids to supply respiratory substrates to the TCA cycle. Therefore, the content of several organic acids that serve as intermediates of the TCA cycle, was significantly changed in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants (Fig. 4 and Supplementary Table S1 ). Alternatively, the change in these metabolites can be, at least partially, explained by the operation of different light flux modes. A recent study of the light-exposed rice oschlh mutant revealed low content of ATP and cytosolic NADH, which is indicative for an inhibition of the mitochondrial metabolism [27] . Our metabolomics data are consistent with previous reports suggesting a tight coordination of metabolic pathways in both organelles. It is reasonable to conclude that the relative activities of photosynthesis and respiratory pathways for energy production are carefully regulated within plant cells in balance to the synthesis of photosynthetic pigments. Taken together, as Mg chelatase activity also balances ALA synthesis in response to chlorophyll biosynthesis, and as plant metabolism is tremendously affected in plants with modified Mg chelatase activity, it is suggested that Mg chelatase serves as an important regulator of not only tetrapyrrole biosynthesis, but also of the primary interorganellar metabolic pathways in plant cells.
Altered activities of Mg chelatase results in the accumulation of ROS
Accumulated tetrapyrrole intermediates in chloroplasts are phototoxic and generate ROS upon light exposure [28] . In transformed tobacco plants with impaired expression of coproporphyrinogen oxidase, plastidic ferrochelatase and Mg protoporphyrin monomethylester (MgProtoME) cyclase, the over-accumulation of photooxidative protoporphyrin, Mg protoporphyrin or MgProtoME results in ROS accumulation, which can generate the signals to activate expression of antioxidant genes and elevate the antioxidant contents and activity of the antioxidant enzymes. But, the elevated capacity of antioxidant defense system can only scavenge part of the over-accumulated ROS that causes a light intensity-dependent formation of necrotic leaf lesions [29] . However, transgenic plants with reduced contents of Mg chelatase and Mg protoporphyrin methyltransferase accumulate no or only low amounts of protoporphyrin and Mg protoporphyrin [30, 31] . These previous results indicate that in response to impaired gene expression in tetrapyrrole biosynthesis, regulatory feedback mechanisms prevent the accumulation of nonmetabolized tetrapyrrole intermediates only at few enzymatic steps.
In the present study, the yellowish leaves of the VIGS-CHLI and VIGS-CHLD plants did not show a necrotic phenotype when exposed to different light intensities ( Figure S4B ). This observation correlates with simultaneous reduction in Mg chelatase activity and ALA biosynthesis rate (Table 1) and can be explained with feedback regulation at the step of Mg chelatase on ALA synthesis that facilitates a reduction in the flux of metabolites of the tetrapyrrole biosynthetic pathway and an avoidance of accumulating tetrapyrrole intermediates. However, this metabolic control does apparently not prevent the accumulation of ROS (Fig. 3A) . The balance between ROS production and concurrent ROS detoxification seems to be disturbed in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants. Thus, it is proposed that inactivation of enzymatic steps of the Mg branch, including Mg chelatase and the cyclase, results in the accumulation of ROS through different mechanisms. Regulated Mg chelatase activity is required to maintain ROS homeostasis for an appropriate redox state in chloroplasts.
CHLD feedback regulates the transcription of PhANGs
The Arabidopsis CHLD mutant (CHLD KO) was presented to show the gun phenotype. Consistent with previous reports showing that the redox signals generated by ROS can be regarded as retrograde signals that affect the expression of PhANGs [16] , we found that ROS accumulates and PhANG expression is modified in response to silenced CHLD expression (Figs. 3A and 5A) . Thus, we hypothesize that modulated CHLD expression affects PhANGs transcription through ROS mediated redox-signaling. However, although ROS accumulates in CHLI-silencing plants (Fig. 3A) , the transcription of PhANGs is not affected (Fig. 5A) . The previous review reported that the Arabidopsis CHLI1 mutants did not show the gun phenotype [16] . But a chli1/chli2 double mutant shows a gun phenotype [32] . Taken together, these results imply that both CHLI1 and CHLI2 mutually are involved in retrograde signaling. We speculate that CHLD is more directly involved in emission of retrograde signals derived from tetrapyrrole biosynthesis than CHLI.
Silenced CHLD and CHLI expression causes in vivo changes in proteins involved in the tetrapyrrole biosynthesis pathway
The tetrapyrrole biosynthesis pathway plays an essential role in plant development and is tightly regulated. Our western blot data (Fig. 5B) showed that several of examined proteins that are involved in tetrapyrrole biosynthesis are characterized by modulated contents in the yellow leaf tissues of VIGS-CHLI and VIGS-CHLD plants. In addition to the CHLD-mediated transcriptional regulation of PhANGs, we hypothesized that Mg chelatase regulates the tetrapyrrole biosynthesis pathway at the transcriptional and post-transcriptional levels. In the yellow leaf tissues of VIGS-CHLI plants, the level of CHLD was significantly reduced, consistent with a previous finding that CHLI stabilizes CHLD in vivo and acts as a chaperone [15] . Surprisingly, CHLH accumulated [33] and for thioredoxin F/thioredoxin M double-silenced plants [14] . These findings suggest that CHLH stability is under a complex regulation including protein degradation and signaling [6, 34] . It is proposed that reduced Mg chelation reduces the turnover of CHLH resulting in an elevated protein content.
Conclusion
In summary, we establish a proposed model to reveal the regulatory role of Mg chelatase in plant cell (Fig. 6) . Once the Mg chelatase is inactive in plants, the chlorophyll biosynthesis will stop to feedback regulates tetrapyrrole biosynthesis and result in distorted chloroplast development with altered topological structures of chloroplast nucleoids. During light exposure, modification of the photosynthetic electron transport chains in thylakoid membranes and the tetrapyrrole intermediates can generate ROS, which are normally scavenged by antioxidants. An inactive Mg chelatase causes an imbalance of the ROS metabolism. Then accumulating ROS contribute to plastid-derived retrograde signaling coordinating the PhANG-transcription. In addition, Mg chelatase is also important for modulation of the mitochondrial metabolism (Fig. 6 ). These interactions of Mg chelatase and tetrapyrrole biosynthesis with the metabolic activities in both organelles are seemingly essential for the proper maintenance of intracellular redox gradients to allow for considerable rates of photorespiration and efficient photosynthesis.
Materials and methods
VIGS assay
To construct pCAPE2-CHLD and pCAPE2-CHLI, a 471-bp fragment of pea CHLD cDNA and a 470-bp fragment of pea CHLI cDNA were generated using RT-PCR and sequence-specific primers (Supplementary Table S2 ) and were subsequently inserted into the pCAPE2 vector [23] using NcoI and EcoRI sites, respectively. The pCAPE1 and pCAPE2 derivatives were inoculated into Pisum sativum (cv. Torsdag; JI992) plants through Agrobacterium-infiltration, as described in Ref. [23] . The non-infected plants and the VIGS plants were grown in growth chambers (20 C, 65% relative humidity, 250 mmol m À2 s À1 , 14/10 h light/dark photoperiod).
Determination of heme and pigment contents
Heme was extracted from Frozen leaf material and determined by HPLC analysis (Agilent 1200 Infinity series) as described [35] . The chlorophyll and carotenoids were extracted with 100% acetone, and their concentrations were determined spectrophotometrically according to the LamberteBeer law. Anthocyanins were extracted by homogenizing leaves (approximate 0.1 g) in a precooled mortar with 1 ml of acidified (1% HCl) methanol and maintained at 4 C overnight in the dark. Particulates were removed by centrifugation at 16,000Â g for 20 min and the supernatant was taken to analyze spectrophotometrically. Anthocyanins were calculated by using Abs 530 e0.25Abs 657 . Spectrophotometric analysis was performed using a Beckman DU-730 spectrophotometer. 
Determination of ALA synthesizing capacity and enzyme activities
The ALA synthesizing capacity was determined as previously described [14] . The ATPase activity was measured according to reference [13] . To measure the Mg chelatase activity, intact chloroplasts were isolated from less expanded leaflets of the VIGS plants. The Mg chelatase activity was determined using a stopped fluorometric assay, as described in Ref. [36] . The activities of four antioxidant enzymes, catalase (CAT, EC 1.11.1.6), peroxidase (POD, EC 1.11.1.7), superoxide dismutase (SOD, EC 1.15.1.1) and glutathione reductase (GR, EC 1.8.1.7), were spectrophotometrically measured using detection kits (Nanjing Jiancheng Bioengineering Institute, China) and described previously.
Microscopy analysis
To observe the ultrastructure of the chloroplasts, the leaflets from the VIGS plants were cut into 0.5-to 1.0-mm pieces, vacuuminfiltrated and pre-fixed in a solution of 2.5% glutaraldehyde adjusted to pH 7.4 with 0.1 M phosphate buffer, fixed in 2% OsO 4 in the same buffer, and then dehydrated and embedded in epoxy resin. Ultra-thin sections obtained using a Leica UC6 ultramicrotome were stained with uranyl acetate and subsequently with lead citrate. The observations and recording of images were performed using a Hitachi H-7650 transmission electron microscope at 80 kV and a Gatan 832 CCD camera. Visualization of the chloroplast nucleoids was performed according to [25] using an Olympus BX51 fluorescence microscope equipped with UV (340e380 nm) and green (558e582 nm) filters.
Measurement of chlorophyll fluorescence and ROS
Chlorophyll fluorescence imaging was performed using a chlorophyll imaging system (Closed FC 700-C, Photon Systems Instruments). The chlorophyll fluorescence images and photosynthesis parameters were processed using FluorCam v 5.0 software (Photon Systems Instruments). Before each measurement, the plants were dark-adapted for 20 or 60 min. The in situ accumulation of O 2À and H 2 O 2 was examined based on histochemical staining with nitroblue tetrazolium (NBT) and with 3,3 0 -diaminobenzidine (DAB) as described previously [32] .
GCeMS-based metabolite profiling in VIGS plants
Approximately 100 mg of green leaves from the VIGS-GFP plants and 100 mg of yellow leaf tissues from the VIGS-CHLI and VIGS-CHLD plants were ground in liquid nitrogen. The plant metabolites were extracted and analyzed as previously described [24] . The metabolites were identified through comparisons with database entries of authentic standards [37] . The metabolite profiling data are reported in accordance with recent recommendations [38] (see Supplementary Table S3 ).
Quantitative real-time PCR and western blot analysis
The top and premature leaves of VIGS plants at 21 days after infiltration (dpi) were harvested after the first hour of light exposure and the daily transition from dark to light. Total RNA and proteins were extracted from these leaves described previously [14] . Quantitative real-time PCR and western blot were performed as described previously [14] . The transcript levels were normalized to the transcript level of pea GAPN (Accession No.: U34988). The primers used in the quantitative real-time PCR amplifications are described in Supplementary Table S2. The antibody data are shown  in Supplementary Table S4. 
